Visible light photocatalytic H 2 production from water splitting is considered an attractive way to solve the increasing global energy crisis in modern life. In this study, a series of zinc sulfide nanoparticles and graphene (GR) sheet composites were synthesized by a two-step hydrothermal method, which used zinc chloride, sodium sulfide, and graphite oxide (GO) as the starting materials. The as-prepared ZnS-GR showed highly efficient visible light photocatalytic activity in hydrogen generation. The morphology and structure of the composites obtained by transmission electron microscope and x-ray diffraction exhibited a small crystallite size and a good interfacial contact between the ZnS nanoparticles and the two-dimensional (2D) GR sheet, which were beneficial for the photocatalysis. When the content of the GR in the catalyst was 0.1%, the ZG0.1 sample exhibited the highest H 2 -production rate of 7.42 μmol h −1 g −1 , eight times more than the pure ZnS sample. This high visible-light photocatalytic H 2 production activity is attributed to the photosensitization of GR. Irradiated by visible light, the electrons photogenerated from GR transfer to the conduction band of ZnS to participate in the photocatalytic process. This study presents the visible-light photocatalytic activity of wide bandgap ZnS and its application in H 2 evolution.
Introduction
Nowadays, the environmental pollution caused by burning fossil fuels and the global energy crisis have become more and more serious. Photoelectrochemical (PEC) splitting of water using solar energy for H 2 has attracted considerable attention, as H 2 is a renewable and green energy carrier. Since the pioneering report by Fujishima and Honda on PEC water splitting on a TiO 2 electrode [1] , various active photocatalysts such as oxide, sulfide, and oxynitride semiconductors have been developed as photocatalysts for the water-splitting reaction [2] . ZnS is a well-known photocatalyst among all these material. It shows high activity for H 2 evolution, because it generates electron hole pairs under light irradiation rapidly and has a high negative potential for exciting electrons, even without the assistance of any noble metal cocatalysts [3] . However, ZnS can solely absorb ultraviolet (UV) light, which accounts for only 4% of total sunlight due to its large bandgap of 3.66 eV. Numerous attempts such as doping metal ions (Au [4] , Cu [5, 6] , Ni [7] , Pb [8] , and Sr [9] ) and preparation of solid solutions have been applied to make ZnS generate visible-light activity [10] [11] [12] [13] [14] [15] [16] . Unfortunately, heavymetal cadmium and lead are toxic and harmful to human beings and the environment, which limits their wide application. Hence, it is highly desirable to develop low-toxic and cost-effective ZnS-based photocatalysts with high H 2 production activities under visible light.
Graphene, a two-dimensional (2D) network of carbon materials, has been reported to as an efficient photocatalytic H 2 production cocatalyst [17] [18] [19] [20] [21] [22] [23] [24] [25] . Owing to the abundance of delocalized electrons from the conjugated sp 2 -bonded carbon network, graphene enhances the transportation of electrons photogenerating in semiconductor particles. Some GR-based semiconductors have been fabricated to enhance photocatalytic performance. Nevertheless, GR has been widely considered as an electron reservoir and transfer and acts as an electron transfer channel to reduce the recombination of photogenerated electron holes, leading to improved photoconversion efficiency of photocatalytic materials [26] . Meanwhile, it has always been proposed that GR cannot narrow the bandgap of a semiconductor to produce visiblelight photocatalytic activity. Zhang et al reported a visiblelight-response ZnS/reduced graphene oxide (RGO) photocatalyst recently and proved that RGO in the nanocomposites acts as an organic dye-like macromolecular 'photosensitizer' [27] . The photogenerated electrons from GR upon visiblelight irradiation can transfer to the conduction band of ZnS, while ZnS itself is not bandgap-photoexcited. Through the photosensitization process of GR, the wide-bandgap ZnS exhibits visible-light photoactivity toward the selective aerobic oxidation process. Herein, we prepared the ZnS-GR nanocomposites, further expanded its application in hydrogen generation, and investigated its visible-light, photoactive H 2 production activity. The influences of GR content on the photocatalytic activity of ZnS-GR composites were discussed. Compared to that of pure ZnS, the optimal ZnS-GR sample containing 0.1% GR exhibits a high rate of H 2 production under visible-light irradiation. The measurements of photocatalytic H 2 production activity directly provide evidence that GR can be a photosensitizer for semiconductors.
Experimental setup

Preparation of graphite oxide (GO) and ZnS-graphene composites
Graphite oxide was synthesized from natural graphite by a modified Hummer's method [28] . Graphite powder (2 g) was mixed with concentrated H 2 SO 4 (12 mL), K 2 S 2 O 8 (2.5 g), and P 2 O 5 (2.5 g). The reaction was heated to 80°C in an oil bath. After 24 h stirring, the mixture was filtered and dried under ambient condition overnight. The pre-oxidized graphite was then added to a mixture of concentrated H 2 SO 4 (120 mL) and HNO 3 (30 mL), cooling in an ice-water bath. After strong magnetic stirring for 30 min, 15 g KMnO 4 was added gradually and reacted for 2 h. Shortly afterwards, the mixture was further diluted with 1 L of deionized (DI) water, 20 mL of 30% H 2 O 2 was added to the mixture, and a brilliant yellow product was formed along with bubbling, followed by washing with a HCl (1:10) aqueous solution and DI water. The solid obtained on the filter was dispersed in water under sonication by an ultrasonic processor, giving a bright yellow GO solution.
In a typical synthesis of the composite, 0.205 g ZnCl 2 and GO were dispersed into distilled water (50 ml), and this solution was heated to 60°C in an oil bath with continuous stirring for 2 h. Subsequently, 0.10 M Na 2 S (20 ml) solution was added dropwise and kept stirring for 4 h. After that, the suspension was transferred to a 100 mL Teflon-lined autoclave and maintained at 130°C for 12 h. The final products with different weight addition ratios of GO were rinsed three times by distilled water and ethanol and dried at 60°C in a vacuum oven for 10 h.
Materials characterizations
Atomic force microscopic (AFM, Nanoscope III MultiMode SPM) measurements were performed to characterize the GO sheet thickness and dimensions. The crystalline structure of the ZnS-GR powder products was determined by x-ray diffraction (XRD, D8 DISCOVER x-ray diffractometer, Bruker, Karlsruhe, Germany) with Cu Kα radiation (1.54 Å). The surface composition of the sample was analyzed by x-ray photoelectron spectroscopy (XPS, AXIS ULTRA DLD, Kratos, Japan). Raman spectroscopy was recorded on Renishaw in a Via-reflex system at room temperature. A laser wavelength of 532 nm was used as the excitation source.
The photoluminescent (PL) spectra were measured by the Jobin Yvon LabRam HR 800 UV system (Horiba, Kyoto, Japan) at room temperature. A laser wavelength of 514.5 nm was used as the excitation source. The morphology and microscopic structure information were determined by transmission electron microscopy (TEM, JEM-2100F, JEOL Ltd, Japan). Absorption spectra of the samples were obtained by using a UV/vis spectrometer (Lambda 950, Perkin Elmer, Inc., USA) over a wavelength range of 250-600 nm. BaSO 4 was employed as the internal reflectance standard.
Photocatalytic hydrogen evolution and electrochemical measurements
The photocatalytic performance of the synthesized photocatalysts was investigated in a gas-closed circulation system (Labsolar-III, Beijing Perfectlight Technology Co., Ltd, Beijing, China) with a top-window Pyrex cell. A 300 W Xe lamp (SOLAREDGE700, Beijing Perfectlight Technology Co., Ltd, Beijing, China) equipped with a UV cut off filter (λ > 420 nm) was used as the light source. The amount of H 2 evolved was analyzed by an online gas chromatograph (GC7900, Techcomp Ltd, China; TCD, N 2 as a carrier gas and MS-5A column). In a typical photocatalytic experiment, 50 mg of catalysts were dispersed in 50 mL of mixed aqueous solution containing 0.35 M Na 2 S and 0.25 M Na 2 SO 3 with constant stirring. Before irradiation, the system was bubbled under vacuum condition to remove the dissolved air.
Photoelectrochemical measurements were performed using a PARSTAT 4000 workstation with a standard threeelectrode system, using the prepared samples as the working electrodes, Pt gauze as the counter electrode, and Ag/AgCl as a reference electrode. The working electrode was prepared on an F-doped SnO 2 -coated (FTO) conductor glass. 0.2 g of ZnS-GR composite was ground with 0.06 g polyethylene glycol (molecular weight: 20 000) and 0.5 mL of water to make a slurry. The slurry was spread onto an FTO glass by the doctor-blade method. The working electrode was dried in a vacuum oven at 60°C. The electrolyte was a mixture solution of 0.35 M Na 2 S and 0.25 M Na 2 SO 3 (pH = 13.5). A 300 W Xe lamp system equipped with a UV cutoff filter (λ > 420 nm) (SOLARDGE 700, Beijing Perfectlight Technology Co., Ltd, China) was used as the light source.
Results and discussion
The ZnS-GR composites were fabricated via a two-step process in a solution phase. First, ZnCl 2 was added into a singlelayer GO dispersed solution. During this step, the Zn 2+ can be adsorbed onto the negatively charged GO surface by electrostatic attraction [29] . Subsequently, GO was reduced to GR by a hydrothermal reduction treatment, and ZnS nanoparticles were simultaneously formed on the GR sheets. The weight ratios of GO to ZnS were 0, 0.05, 0.1, 0.25, 0.5, 1, and 3%, and the corresponding samples were labeled as ZG0, ZG0.05, ZG0.1, ZG0.25, ZG0.5, ZG1, and ZG3, respectively. GR was prepared by the reduction of graphene oxide. Notably, after strong ultrasonication for 15 min, monolayer graphene sheets were peeled off from the GO and stably dispersed in the bright yellow solution. The AFM images (figure 1) show the thickness of the graphite oxide is about 0.8 nm, which is comparable to the literature data (0.737 nm) of the singlelayer GO nanosheet as reported before, indicating that most of the GO are flat and monolayer [30] . Figure 2(c) shows the XRD patterns of as-prepared ZnS-GR composites. The peaks at 28.5, 47.5, and 52.1 correspond to the diffractions of the (111), (220), and (311) planes of cubic ZnS (JCPDS 05-0566) [31] . For the photocatalysts with different weight addition ratios of GR, they show similar XRD patterns with blank ZnS, implying that GR does not have a significant influence on the phase structure and crystallinity of ZnS-GR samples. No characteristic diffraction peaks for GO and GR can be observed on these patterns because of the low amount and relatively low diffraction intensity.
The morphologies and microstructures of the samples were examined by TEM. It can be seen from figure 2(a) that nanosized ZnS particles spread uniformly on the surface of the GR sheet support. The size of the ZnS nanocrystals is around 5 nm. The high-resolution TEM (HR-TEM) image ( figure 2(b) ) shows that the detail of the lattice of the nanocrystals with an interplanar spacing is 0.31 nm, corresponding to the (111) plane of cubic ZnS. Three distinct diffraction rings are seen from the selected-area electron diffraction (SAED) pattern in figure 2(b) and can be indexed to the (111), (220), and (311) crystal lattice of ZnS, which is consistent with the XRD results. The TEM characterization suggests that a good interfacial contact is formed between the ZnS nanoparticles and the 2D GR sheet, which is helpful for improving the charge separation and thus the photocatalytic activity.
After hydrothermal treatment, the efficient reduction of GO to GR was also evidenced by high-resolution C1s x-ray photoelectron spectra (XPS) of GO and ZG0.1. A signal deconvolution with Gaussian-curve fitting points out chemically different C species. For the GO, two typical peaks are located at 284.6 and 286.7 eV ( figure 3(a) ), which are usually assigned to adventitious carbon and sp 2 -hybridized carbon from the GO and the oxygen-containing carbonaceous bonds (C-OH). The strong peak for C-OH bonds indicates an efficient oxygenation of graphite by a modified Hummer's method. Such a surface functional group can provide more active sites for connection with ZnS nanoparticles. For the ZG0.1 nanocomposite, the spectrum is deconvoluted into four peaks, and the significant loss of oxygen-containing functional groups is observed in figure 3(b) . The sharp peak for C-O almost vanishes, and the peaks for C=O and O=C-O still exist but have much lower intensities than those in GO, which indicate the sufficient reduction of GO to GR after the hydrothermal reduction treatment of Na 2 S. The hydrothermal reaction process from GO to GR is also investigated in Raman spectra. Figure 2(d) shows a comparison of the Raman spectra of GO and the ZnS-GR composite (sample ZG0.1). The D band at around 1355 cm −1 is common for disordered sp 2 carbon, while the G band at around 1600 cm −1 is usually assigned to well-ordered graphite. After hydrothermal treatment at 130°C for 12 h, the ratio of the intensities of the D and G bands (ID/IG) increases from 0.81 to 0.91. The change in the ID/IG ratio suggests a decrease in the average size of the re-established G network (sp 2 carbon), further confirming the reduction of GO [32] [33] [34] [35] . Figure 4 shows the UV-vis absorption spectra of the samples ZGx (x = 0, 0.1, 0.25, 0.5, 1, and 3). For all the samples studied, a wide background absorption in the visiblelight region ranging from 400-800 nm is observed, and such absorption gradually increases with the increasing of GO content. It is in accordance with the powder color changing from white to gray. The bandgap of ZnS-GR composites can be acquired from plots of (αE photon ) 2 versus the energy (E photon ) of absorbed light (α and E photon are the absorption coefficient and the discrete photon energy, respectively). The extrapolated value (a straight line to the x-axis) of E photon at α = 0 gives absorption edge energies corresponding to e.g. from figure 4(b) , the bandgap of the synthesized ZGx is 3.40 eV, 3.36 eV, 3.31 eV, and 3.27 eV, corresponding to ZG0, ZG0.25, ZG1, and ZG3, respectively. This result shows a bandgap narrowing of the semiconductor because of the coupling in ZnS-GR nanocomposites. According to the reported literature [36] [37] [38] [39] [40] , this result can be attributed to the hybridization of carbon materials. Due to the substitutional nature of the incorporated carbon, carbon doping into the ZnS lattice creates midgap energy levels with inducing a decrease in bandgap energy.
The photocatalytic H 2 production activity of the ZnS-GR nanocomposites from an aqueous solution containing 0.35 M Na 2 S and 0.25 M Na 2 SO 3 under visible-light irradiation (λ > 420 nm) is given in figure 5 . The sacrificial reagent may decrease the rate of hole-electron recombination and increase the active number of injected electrons. As can be seen from this figure, the graphene content has a significant influence on the photocatalytic activity of ZnS. After introducing only a small amount of graphene, the activity of the ZGx sample is remarkably enhanced. The rate of H 2 evolution increases with the increasing of GR content, achieving a maximum of 7.42 μmol h −1 g −1 at the GR content of 0.1 wt%. This value is about eight times higher than pure ZnS. When graphene content is higher than 0.1 wt%, a further increase in graphene content leads to a reduction of the photocatalytic activity. Especially, at a graphene content of 1 wt%, the photocatalytic activity of the sample ZG1 has a drastic decrease. The reasons may be that excessive GR lowers the intensity of incident light and increases the opportunity for recombination of the photo-generated electron-hole pairs. After 10 h light irradiation, the sample of ZG0.1 does not exhibit any loss of activity, indicating the better stability of this nanocomposite for hydrogen generation. The high stability of the ZG0.1 catalyst is attributed to the finite-size effect that the highsymmetry crystalline phase is more stable at a smaller size.
As mentioned above, the UV-vis absorption spectra ZnS-GR indicates that the wide bandgap of ZnS is narrowed to some degree. However, this bandgap is still so large that ZnS-GR should not exhibit visible-light photoactivity. Normally, the VB electrons (e − ) of ZnS cannot be excited to CB, and the samples ZGx should have a very low photocatalytic activity under visible irradiation. On the contrary, the ZnS-GR composite photocatalyst shows high photocatalytic H 2 production activity for the sample containing 0.1% GR. Thus, a tentative mechanism of the photocatalytic reaction is proposed that GR acts as an organic dye-like macromolecular 'photosensitizer'. As illustrated in the figure 6, the electrons on the highest occupied molecular orbital (HOMO) of graphene were at first excited to the lowest unoccupied molecular orbital (LUMO) of graphene under visible-light irradiation, then the photoinduced electrons in graphene were injected to the CB of ZnS, leading to the hole-electron separation. The electrons transferred to the surface of the semiconductor and reacted with the adsorbed H + ions to form H 2 , producing the visible-light activity [41] [42] [43] [44] . Such a H 2 production activity measurement is direct evidence of the existence of injected electrons under visible irradiation and proves GR acting as a photosensitizer. In addition, the PL spectroscopy (figure 7) measurement of ZnS and ZnS-GR was performed under visible-light irradiation. No PL emission is observed for blank ZnS. Thus, ZnS is not able to reach excited states under visible-light irradiation. However, for ZnS-GR, a peak ranging from 500-700 nm is observed. These results suggest that under visible-light irradiation, the GR in the ZnS-GR nanocomposite can be excited from ground state GR to excited state GR*, and the photoinduced electrons can be transferred to the CB of ZnS, leading to a charge injection and separation. Thus, ZnS-GR is able to show visible-light photoactivity toward hydrogen generation. The ZnS-GR composites with a diameter of 5 nm (figure 8) also offer a larger surface area, which can provide more surface active sites for the adsorption of H + ions, making the photocatalytic process more efficient.
To provide additional evidence for the above-suggested photocatalytic mechanism, PEC studies were carried out in a 0.35 M Na 2 S and 0.25 M Na 2 SO 3 solution (pH = 13.35), acting as both the supporting electrolyte medium and sacrificial reagents. Figure 9 shows the chronoamperometry measurement of ZG0.1 and pure ZnS. The transient photocurrent and responses of ZnS and ZG0.1 are recorded for several on-off cycles of visible irradiation at a bias potential of 0.5 V versus Ag/AgCl. As seen from figure 9, for blank ZnS under visible-light irradiation, almost no photocurrent is Figure 4 . UV-vis absorption spectra (a) and bandgap evaluation (b) from the plots of (αE photon )
2 versus E photon . observed within the switch-on and switch-off cycles, because the bare ZnS cannot be photoexcited due to its wide bandgap. For ZG0.1 an apparently boosted photocurrent response appears, and the on-off cycles of the photocurrent are reproducible. The enhancement of the photocurrent indicates that the wide-bandgap ZnS exhibits excellent photocatalytic activity in hydrogen generation under visible-light irradiation owing to the introduction of GR. Moreover, the anodic photocurrent spikes at the beginning of irradiation and the cathodic spikes at the end of irradiation are not visible. The transient photocurrent shows a relatively slow response when the light is switched on and off. The delay is mainly due to the traps of electrons on the surface of ZnS and graphene. Therefore, upon continuous irradiation the further photogenerated electrons from a small amount of graphene gradually fill the traps of ZnS, and only a part of the electrons are transferred to the back of the electrode, which causes a slow current response. Similarly, when the light is switched off, due to the low Fermi level, graphene can store the photogenerated electrons and delay the release of charge carriers from ZnS.
Conclusion
In conclusion, the visible-light photocatalytic activity of ZnS-GR composites for H 2 evolution is demonstrated in this paper. A series of ZGx composites with different GR content were synthesized by a two-step hydrothermal method. For the blank ZnS, almost no photocatalytic activity is observed under visible light irradiation, because the wide-bandgap ZnS cannot be photoexcited by visible-light irradiation. However, the as-prepared sample ZnS-GR with 0.1% GR reaches a high photocatalytic H 2 production rate of 7.42 μmol h −1 g −1 under the same conditions. The results indicate that the unique features of GR make it behave like a photosensitizer rather than an electron reservoir to capture or transfer photogenerated electrons. This study not only demonstrates the visible-light photocatalytic activity of ZnS-GR composites but also further expands the application of a graphene-semiconductor in visible-light catalysis. Our findings could help to design new graphene derivative photocatalysts with high photocatalytic H 2 production performance and stability. 
